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We report nearly single phase Pb(Zr0.14Ti0.56Ni0.30)O3-δ (PZTNi30) ferroelectric hav-
ing large remanent polarization (15–30 μC/cm2), 0.3–0.4 V open circuit voltage
(VOC), reduced band gap (direct 3.4 eV, and indirect 2.9 eV), large ON and OFF
photo current ratio, and the fast decay time. Reasonably good photo current density
(1–5 μA/cm2) was obtained without gate bias voltage which significantly increased
with large bias field. Ferroelectric polarization dictates the polarity of VOC and
direction of short circuit current (ISC), a step forward towards the realization of non-
centrosymmetric ferroelectric material sensitive to visible light. C© 2014 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4868380]
I. INTRODUCTION
Ferroelectric semiconductors and their bandgap engineering represent the most fascinating
research area since the discovery of ferroelectricity and related phenomenon.1, 2 Recently it has
been experimentally observed that solid-solution of potassium-niobate and barium-nickel-niobate
perovskite ferroelectrics possess immense potential for photovoltaic (PV) applications with reduced
band gap and moderate quantum efficiency.3 Generally, ferroelectric materials are high bandgap
insulators with low leakage current system. A long-standing challenge in solid state physics is the
tailoring of bandgap of ferroelectric host matrix with transition metal ions at B-site, which in turn
keeps the polarization intact with an enhancement of the bulk photovoltaic (PV) effect.4–7 As we know
in general, organic and other semiconconductor based PV cells require p-n junctions for the creation
of photo-induced charge carriers, and hence the limitation of these devices is that it cannot produce
open circuit voltage (VOC) above the band gap of the materials. In these systems p-n junction is a
property of the interface and not of a bulk property of materials. However, ferroelectric photovoltaic
systems have unique natural properties, including granularity and non-centrosymmetry, and hence
these do not need any p-n junction for photo currents. They can also produce exceptionally large VOC
far above their bandgap for in-plane configuration with domains and domains walls manipulation.8
Recently, Yang et al.9 have shown the above band gap VOC by tailoring the in-plane domains and
domain walls in BiFeO3 (BFO) thin films, which is relatively small bandgap (Eg ∼ 2.6–2.9 eV)
ferroelectric semiconductor. The basic mechanism of the domain-wall-based ferroelectric PV is
quite different from that of inversion center-symmetry absence in the bulk ferroelectric.8, 10
Bennett et al.11, 12 had utilized first principle density functional theory (DFT) calculations on the
solid solution of PbTiO3 (PTO) and Ba(Ti1-xCex)O3 (BTCO) with partial substitution of different
transition metal cations, and they predicted that removal of 50% Ti ions or more can lower the band
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gap below 1 eV with remanent polarization comparable to that of pure PTO and BTCO. This particular
prediction can lead the design and discovery of new low-bandgap semiconductor ferroelectrics.
However, in reality it would be difficult to produce single phase complex systems of lead titanate with
transition metal cations. Many other ferroelectric materials, such as Pb(Zr1-xTix)O3,13, 14 LiNbO3,15
and BaTiO316 also exhibit photoelectric and photovoltaic effects under illumination of visible and
near ultraviolet light; but the magnitude of photo current and voltage obtained for the device
application are far below the photo-electronics requirements. In this respect ferroelectric BFO with
its very high polarization ∼90 μC/cm217 and a direct band gap ∼2.67eV18 had shown tremendous
potential for such optoelectronic applications.6, 19, 20
Pintilie et al.4 reported band gap in Pb(Zr1-xTix)O3 system that increased with Zr content
from 3.9 eV to 4.4 eV. A lower bandgap value (3.9 eV) and larger photocurrent signal was ob-
tained for Pb(Zr0.20Ti0.80)O3.4, 21 Theoretical predictions of low bandgap highly polar semiconduct-
ing Pb(Ti1-xNix)O3-x stimulated us to check the experimental performance of similar systems.5
We report fabrication of polycrystalline and highly grain-oriented Pb(Zr0.20Ti0.80)0.70Ni0.30O3-δ (or
in a more compact formula Pb(Zr0.14Ti0.56Ni0.30)O3-δ) films on indium tin oxide (ITO)/Glass and
La0.67Sr0.33MnO3)/LaAlO3 (LSMO/LAO) substrates. Both systems were found to be polar with
reduced bandgap and reasonably good PV effects. Photo current switching dynamics and transient
current behavior are also discussed.
II. EXPERIMENTAL DETAILS
The ceramic target of Pb(Zr0.14Ti0.56Ni0.30)O3-δ (PZTNi30) was prepared by a conventional
solid state reaction route. Analytical-purity oxides of PbO, ZrO2, TiO2, and NiO (Alfa Aesar) with
purity of 99.99% were used as raw materials. The powders of the respective metal oxides were
mixed in a planetary high-energy ball mill with tungsten carbide media. The milled powder was
then calcined at 1100 ◦C for 10 h in a closed alumina crucible; 10% excess of PbO was added
to compensate Pb-deficiency during the high temperature processing. The calcined powder was
pressed to one-inch pellets and sintered at 1150 ◦C for 4 h. All heat treatments were performed
in air medium. Sintered targets were used for the fabrication of high-purity PZTNi30 thin films
on conducting La0.67Sr0.33MnO3 (LSMO)/LaAlO3 (LAO) (100) and ITO/glass substrates by pulsed
laser deposition. The growth conditions were as follows: (i) the substrate was kept at 600 ◦C,
(ii) oxygen pressure ∼80 mTorr, (iii) laser energy 1.5–2.5 J/cm2, (iv) excimer laser (KrF, 248 nm),
and (v) pulse frequency 5 Hz. After deposition, the as-grown films were annealed in pure oxygen
at 300 Torr for 30 minutes at 700 oC and then cooled down to room temperature slowly. Similar
conditions were used to grow LSMO layer on LAO substrate and PZTNi30 on ITO/glass substrates.
The orientation and phase purity of these films were examined at room temperature by x-ray
diffraction systems (Siemens D5000 and Rigaku Ultima III) using CuKα radiation with wavelength
of λ= 1.5405 Å. Room-temperature topography and domain images of these thin films were recorded
by Piezo force microscopy (PFM) (Veeco) operated in contact mode and using an ultra-sharp silicon
tip with a resonance frequency of about 25 kHz. The film thickness was determined using an X-P-200
profilometer and filmetrics. To investigate the electrical properties square capacitors were fabricated
by dc sputtering with semi transparent Pt top electrodes with area of ∼10−4 cm2 utilizing a shadow
mask. Frequency dependence of the dielectric and ferroelectric properties were measured using an
HP4294A impedance analyzer and Radiant tester respectively at room temperature. Photovoltaic
current was measured using solar simulator and Keithley-2401 at room temperature.
III. RESULTS AND DISCUSSION
Fig. 1 and its inset show the room temperature X-ray diffractograms (XRD) of PZTNi30/
LSMO/LAO(100) and PZTNi30/ITO/glass heterostructure over 20–60 degree of Braggs angle re-
spectively. The θ–2θ scan of PZTNi30/LSMO/LAO(100) shows highly oriented film along (100)
plane with small peaks along (101) (∼8%) and (111) (∼2%) directions for LAO substrate, whereas
inset of Fig. 1 illustrates polycrystalline nature of films grown on ITO coated glass. The XRD data
were used to evaluate the lattice parameters of polycrystalline and oriented films of PZTNi30 on
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FIG. 1. Room temperature x-ray diffraction of PZTNi30 thin films grown on LSMO (α) coated LAO (*) substrate. Inset
shows the PZTNi30 thin film grown on ITO/Glass (s) substrate.
TABLE I. Room temperature lattice parameters for bulk Pb(Zr0.14Ti0.56Ni0.30)O3-δ - (PZTNi30), polycrystalline and oriented
PZTNi30 thin films deposited on ITO/glass and LSMO/LAO substrates respectively.
Room temperature lattice parameters
PZTNi30 a (Å) c (Å)
Bulk 3.9639 4.1279
Polycrystalline Film 3.9834 3.9939
Oriented Film 3.9899 4.0038
the basis of a tetragonal unit-cell of Pb(Zr0.20Ti0.80)O3.22, 23 For comparison, bulk lattice parameters
of PZTNi30 were also calculated from the ceramic pellet. All calculations were carried out using
the UnitCellWin program. The results are listed in Table I. In both cases, PZTNi30 films have a
tetragonal crystal structure with a reduction of the tetragonality (c/a), i.e. c/a for polycrystalline and
oriented films was ∼1.003, comparatively smaller than the host matrix (c/a = 1.041).
Surface topography and domains switching of the films were investigated by the contact mode
atomic force microscopy (AFM) and piezo force microscopy (PFM) respectively. AFM images
revealed that average size of grains for PZTNi30/LSMO/LAO(100) heterostructures are less than
500 nm with average surface roughness ∼5.5 nm (see Fig. 2(a)) however, bigger grains and high
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FIG. 2. (a) AFM topography images with an area of 5 × 5 μm2 of PZTNi30/LSMO/LAO thin film structure (total thickness
∼400 nm) before poling. PFM phase and amplitude image under different poling conditions; (b) phase and (c) amplitude
images at ±9 V poling of the respective areas.
average surface roughness were observed for PZTNi30/ITO/glass structures (not shown). The sur-
face morphology of the films displayed the negligible evidence of cracks, voids and defects over
large area. PFM images disclose the domain configurations and domain imaging, domain writing,
domain dynamics and evolution. Figs. 2(b) and 2(c) show PFM phase and amplitude images of
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PZTNi30/LSMO/LAO(100) under bias field with an area of 5 × 5 μm2. Most of the ferroelectric
domains are switched under the external bias electric field by PFM tips; however, the contrast of
the PFM phase image under ±9 V bias field suggests some of the domains remain in the different
switching direction; this may be due to domain growth in different directions and is well sup-
ported by XRD patterns. The PFM phase and amplitude images confirm the switching of domains
at nanoscale. Note that domains and domain walls are not defined and aligned in any particu-
lar directions such as 90◦, 180◦, or (109◦/71◦ in BiFeO3)24 that make it difficult to do in-plain
measurements.
Figs. 3(a) and 3(b) show the bulk polarization and dielectric tunability (insets in Fig. 3) of both
systems. A well saturated polarization hysteresis was obtained for both polycrystalline PZTNi30
on glass and the highly oriented film. The values of remnant polarization was ∼15–30 μC/cm2
which is comparatively matching with the other reports on the Pb(Zr1-xTix)O3 system.13 It indi-
cates that the hypothesis of “retaining of polarization while comprehensive decrease in bandgap”
seems more realistic in case of transition metal doped PZT. Both these systems show dielectric
tunability with well shaped butterfly loops under the application of external electric field prove
its polar/ferroelectric nature. Polycrystalline films show higher dielectric constant compare to
highly oriented PZTNi30/LSMO/LAO(100) films. A small difference in the values of coercive
field in oriented films was observed with two different probe techniques such as capacitance-
voltage and polarization-voltage. This may be due to detection limits of displacement current and
leakage current by two different apparatus; however, further studies needed to clarify this minor
discrepancy.
Direct and indirect bandgaps of PZTNi30 were determined from the UV-visible transmission
data. The direct band gap, Eg, was estimated from the modified square law using (αhν) 2 versus hν
plots derived from the Tauc’s relation,25, 26
(αhυ)2 = AT auc(hυ − Eg) (1)
Where, absorption coefficient α is defined:
α = 1
d
ln
(
100
%T
)
(2)
Where, d is the film thickness, %T is the percentage of transmission, hν photon energy, and Eg
band gap. ATauc (Tauc parameter) is the slope of the linear region in a plot of (αhν) 2 vs. hυ, whose
extrapolation to (αhυ)2 = 0 would give the value of the direct bandgap.
On the other hand, data from indirect bandgaps meet usually the Tauc’s law:
(αhυ)1/2 = BT auc(hυ − Eg) (3)
Where, BTauc (Tauc parameter) is the slope of the linear region in a plot of (αhν)1/2 vs. hυ, whose
extrapolation to (αhυ)1/2 = 0 would give the value of the indirect band gap. It should be noted that
these relationships are valid only for parabolic bands.
Fig. 4(a) presents the optical transmittance data for ITO/glass and PZTNi30/ITO/glass. The
PZTNi30 layered structure on glass exhibits 72% transmittance at 600 nm, with a reduction of
only 8% compared with pure ITO/glass substrate. This property is important since in photovoltaic
applications transparent PZT is needed.27 Figs. 4(b) and 4(c) show the Tauc’s relation for the
PZTNi30 thin films for both direct and indirect bands respectively; for comparison data from
ITO/glass substrate is included in Fig 4(b). The direct band gap was calculated around 3.4 eV (less
than 3.9 eV of pure PbZr0.2Ti0.8O3),4 indicating Ni-substitution at B-site modified the Ni-O and
Ti/Zr-O boding and oxygen vacancies. The most interesting observation is the finding of indirect
band gap around ∼2.9 eV, this may be due to creation of defect levels and oxygen vacancies.
Basically substitution on B-site by transition metal leads the cation octahedral ordering which alters
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FIG. 3. Room temperature ferroelectric hysteresis loop for: (a) PZTNi30/LSMO/LAO and (b) PZTNi30/ITO/Glass thin
film heterostructures. Insets show the respective dielectric constant (ε) versus bias electric field (E) curve for the respective
sample.
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the cation bonding, and therefore strongly affects the bandgap. Metastable states of Ni+2/N+3 ions
create intrinsic oxygen vacancies/defects (as can be seen from the stoichiometry and matched with
the EDAX and XRF data) which may develop the indirect bandgap in the system. The shift in Eg
may also be interpreted in context of the presence of impurities,28 substitution ions concentration,29
the level of structural and thermal disorder,30 and native defects.31 Most important, this indirect
band gap helps to trap different wavelength of solar spectrum and hence may provide high Voc and
Isc. Choi et al.32 demonstrated that the specific site substitution of ferroelectric bismuth titanate
by Mott insulator lanthanum cobaltite leads reduction of band gap by at least 1 eV. Thus, we have
accomplished the small direct bandgap tunability (	Eg ∼ 0.3–0.4 eV) and significantly large indirect
band tunability (	Eg ∼ 0.7–0.8 eV), which is a step forward for the classical ferroelectric PZT with
transition metal-complex oxides.
Photoelectric effects depend on a number of factors such as, bandgap, intensity and fre-
quency of the incident photons, absorption coefficient, carrier mobility and the domains (for
bulk PV) interaction with light. We measured the photocurrent and transient current with one
sun (power of solar simulator −550 W) source in the metal-ferroelectric-metal (MFM) geometry.
As shown in Fig. 5, the current-voltage behavior was investigated with a small bias field range;
we found VOC in the range of (0.3–0.4 V) with short circuit current density (ISC) in the range of
1–5 μA/cm2 for PZTNi30/ITO/Glass and PZTNi30/LSMO/LAO respectively. The power conver-
sion efficiency (PCE) is the key performance metric of an ideal solar cell, which is defined as
follows:
η =
(
Imax × Vmax
Pin
)
=
(
F F × ISC × VOC
Pin
)
(4)
where Imax and Vmax describe the bias current and voltage points where the photo-generated
power reaches the maximum, Pin is the power density of the incident light and FF is the fill
factor. The PCE of the PZTNi30 based heterostructure is obtained from Fig. 5. It is about
∼0.006 (+/−0.004)% depending upon bias voltages and heterostructure configuration and its
FF is 0.31 which is comparable to those obtained for perovskite oxides.3, 6 Polycrystalline sam-
ples showed exceptionally good switching of VOC under opposite polarity poling (±5 V) (see
Fig. 5(b)); however, highly grain-oriented film had some in-built current even in dark without
applying any voltage (see Fig. 5(a)) because it had some inbuilt polarization. The short circuit
current density is much better for highly oriented films than polycrystalline films. These finding
are comparable to ferroelectric BFO in MFM geometry, under similar growth and characterization
conditions.33
The strength of photocurrents, persistency over a period of time, and transient behavior under
ON and OFF illumination of light were examined in PZTNi30/LSMO/LAO(100) hetorostructure
over different periods of time with 0 and ±10 V bias E-field (see Fig. 6). Sudden interruption
and illumination of light allow the decay and growth of photo charge carriers over time. Growth
and decay of photocurrent for ON and OFF states at different switching times were carried out
under 0, and +/−10 V bias E-field for short/long period of time (30/150 s) as can be seen in
Figs. 6. Under these bias conditions, high photo-current density (0.1–0.5 mA/cm2) and 1:4 to 1:5
ON and OFF current ratio were obtained with one second time period (experimental limit). An
interesting feature in the transient currents can be seen in Fig. 6(c) and 6(d) during ON and OFF
states, which exponentially increase or decrease with time, depending on the biasing conditions.
This may be due to development of displacement current along or opposite to photo-charge car-
riers under bias E-field condition. These results indicate that the domain orientation and flipping
with bias voltage are important factors for the bulk ferroelectrics photocurrent. These results are
also suitable for opto-memory applications. Ferroelectric oxides have very slow charge carriers
compare to the Si-based or organic photovoltaic devices.34 Under bias E-field, charge carriers in
polar oxides took long time to grow and decay with long saturation time. In this regards, present
investigation illustrates sharp growth and decay of photo-charge carriers within the experimental
limitations.
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IV. CONCLUSIONS
In summary, we have successfully grown PZTNi30 single phase bulk photovoltaic ferroelectrics
with switchable domains and photocurrents at nano/micro-scale. Substitutional modification by
transition metal at Ti/Zr-site of PZT leads a decrease in direct and indirect band gaps without loss
of its ferroelectric polarization. Experimentally, we showed that the cation modification of oxygen
octahedra significantly reduces the indirect bandgap compared to direct bandgap. Photovoltaic
effects are observed with significant amount of VOC (0.3–0.4 V) and good ISC (1–5 μA/cm2); effect
of poling and domains switching can be seen in the photocurrent and VOC performance. Thus, our
investigations lead to the opportunities for more successful modification of ferroelectric materials
for bulk photovoltaic effects and may be useful for opto-memory and energy applications.
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